Genome-wide approach addresses how alternative splicing is responsive to elevated temperature in nonvascular plants. Differential regulation for alternative splicing of specific genes can be rapidly modulated for plants to cope with heat stress. 
INTRODUCTION
Global warming in recent decades has caused annual temperature extremes that are becoming harmful for all living organisms. Although all living cells show rapid responses to changes of ambient temperature, unlike animals, plants are sessile and cannot escape adverse temperature conditions. Challenged by temperature changes, plants have evolved rapid and complex systems to sense the temperature signal and translate it into cellular defenses for acquired tolerance, such as enhancing protein folding/unfolding activities and maintaining membrane fluidity (Sung et al., 2003) . Understanding how plants adapt to temperature stresses has been an important topic in improving thermotolerance in crops.
Heat shock response (HSR) is conserved in eukaryotes in responding to elevated temperature and induces activity of HS transcription factors (HSFs) to promote the expression of HSR-related genes. Different mechanisms for temperature sensing and signal transduction have been proposed. The general model suggests that constitutively expressed chaperones in the cytoplasm form inactive complexes with HSFs. Upon HS, cytosolic chaperones are recruited by misfolded proteins, thus allowing the release of HSFs for phosphorylation, oligomerization and nuclear localization to regulate gene expression [ (Mosser et al., 1993; Shi et al., 1998; Kim and Schoffl, 2002; Yamada et al., 2007) , also reviewed in (Morimoto, 1998; Sung et al., 2003; Baniwal et al., 2004) ].
Alternative models for temperature sensing and signaling involve the change of membrane fluidity, second messenger calcium (Ca 2+ ), calmodulin, immunophilins, and kinases (Gong et al., 1998; Vigh et al., 1998; Liu et al., 2005; Aviezer-Hagai et al., 2007; Suri and Dhindsa, 2008; Saidi et al., 2009; Saidi et al., 2010) .
Besides transcriptional control by HSFs, other levels of gene regulation are also affected by HS in the cell. Animal studies have revealed that Heat Shock Protein 90 (HSP90) plays a central role in orchestrating transcriptional regulation by binding to transcription regulators as well as specific regions on chromatin [reviewed by (Sawarkar and Paro, 2013) ]. In plants and yeast, the histone variant H2A.Z is possibly a determinant in gene regulation associated with temperature responsiveness (Kumar and Wigge, 2010) .
In the green algae Chlamydomonas reinhardtii, HS-activated HSF1 is also involved in chromatin remodeling (Strenkert et al., 2011) . Mechanisms of gene regulation affected by HS are more complicated by including the translational control. HS inhibits the activities of eukaryotic initiation factors to repress translation initiation (Duncan and Hershey, 1984; Vries et al., 1997) . Recently, a genome-wide study of translation regulation indicated that removal of HSP70 from translation machinery under HS conditions resulted in pausing translation elongation (Shalgi et al., 2013) . Compared with these results, information on HS-mediated post-transcriptional regulation is relatively lacking.
Alternative splicing (AS) is a widespread mechanism in eukaryotes that generates 2 or more mRNAs from the same precursor mRNA (pre-mRNA) by using different splice sites. For constitutive splicing, splice-site recognition is mainly determined by 5' and 3'
consensus cis sequences and the assembled spliceosome on the intron region of pre-mRNA [reviewed by (Black, 2003) ]. However, splice-site selection is also influenced by regulatory cis-acting sequences and trans-acting factors. Regulatory sequences are classified as exonic splicing enhancers, exonic splicing silencers, intronic splicing enhancers, and intronic splicing silencers according to their locations and activities.
These elements are recognized by regulatory splicing factors such as heterogeneous nuclear ribonucleoproteins (hnRNPs), serine/arginine-rich (SR) proteins, and K Homology (KH) domain proteins [reviewed by (Black, 2003; Reddy, 2007) ].
Combinations of regulatory cis elements and splicing factors and differential expression of splicing factors in different cell types, tissues, developmental stages and environmental conditions diversify AS patterns and eventually increase transcriptome complexity and proteome diversity [reviewed by (Black, 2003; Syed et al., 2012) ]. As demonstrated from recent next generation sequencing analysis, about 95% of multi-exon genes in human, 42% to 61% of intron-containing genes in Arabidopsis and 33% to 48% of annotated genes in rice are alternatively spliced (Pan et al., 2008; Wang et al., 2008; Filichkin et al., 2010; Zhang et al., 2010; Marquez et al., 2012) .
Although genome-wide studies have revealed complex AS patterns among all kingdoms, reports on how elevated temperature affects pre-mRNA splicing are still limited. Constitutive pre-mRNA splicing of some transcripts is blocked in heat-shocked human and Drosophila cells (Yost and Lindquist, 1986; Bond, 1988; Shukla et al., 1990 ).
However, whether AS is responsive to heat remains unknown. Several reports of individual genes have suggested that AS of their transcripts is important for the HS response. For example, in mice and Drosophila, HSF1 and HSF2 produce alternatively spliced isoforms, respectively, and show tissue-specific and temperature-controlled expression patterns (Fiorenza et al., 1995; Goodson et al., 1995; Fujikake et al., 2005) . In
Arabidopsis, HSFA2 also undergoes HS-inducible AS, which may regulate the cytoplasmic protein response (Sugio et al., 2009 (Diernfellner et al., 2005) . A recent study of Arabidopsis showed that HS-induced AS on an intron encoding the microRNA miR400 led to accumulation of the primary transcript and decrease in level of mature miR400 (Yan et al., 2012) .
Although these results suggest that eukaryotic organisms potentially modulate mRNA splicing to respond to elevated temperature, a genome-wide analysis to reveal whether this step is regulated by heat is still not available.
In this study, we investigated genome-wide regulation of pre-mRNA splicing in response to HS by mRNA sequencing (RNA-seq). We used an emerging model plant system, the moss Physcomitrella patens, for transcriptome profiling and identification of heat-sensitive AS events. Our results show that although nearly 50% of moss genes are alternatively spliced, a portion of events is significantly sensitive to the mild, nondamaging HS. Intron retention (IR) is the most prevalent event in overall AS profiles as well as the heat-sensitive ones. Thermotolerance response was observed in heat-mediated AS regulation. A subset of genes undergoing heat-sensitive IR is involved in photosynthesis, translation, RNA splicing and protein folding, which suggests that plants may regulate AS with transcript specificity in response to elevated temperature. 
RESULTS

Heat shock treatment, mRNA sequencing and data analysis
Previous reports have shown that nondamaging HS at 38℃ for 1 hr can induce transient HSR in Physcomitrella. To restore the ability of HSR, at least 5 hr at noninducing temperature is required (Saidi et al., 2005; Saidi et al., 2009 ). For preparing RNA-seq samples, protonemal colonies were grown at 38℃ for 1 hr (1 st HS), recovered at 25℃ for 5.5 hr, then grown at 38℃ again for 1 hr (2 nd HS) ( Figure 1A ). Cells remaining at 25℃ were collected as the control (C). Induction of HSR was checked by measuring the expression of 3 characterized HSR marker genes after 1 st HS, 5.5 hr recovery, and 2 nd HS ( Figure S1A ) (Charng et al., 2006; Shi and Theg, 2010) . Similar to the previous report, data from photosynthetic activity measurement for protonema cells after 2 nd HS confirmed no detectable damage to moss growth with HS (Supplemental Figure S1 ) (Saidi et al., 2005) .
For RNA-seq, we prepared two sets of separately HS-treated samples for RNA isolation. In each set, total RNA were pooled from 5 technical repeats for C, 1 st HS, and 2 nd HS samples respectively for cDNA library preparation ( Figure 1B ). Sequence reads from two biological repeats were mixed for data analysis. After data trimming and filtering, nearly 117.9 M reads in total --32.5, 42.7 and 42.7 M reads for C, 1 st HS, and 2 nd HS samples, respectively --were generated (Supplemental Table S1 ). We mapped sequence reads to the Physcomitrella patens genome (annotation V1.6) by use of the BLAT program (Kent, 2002; Zimmer et al., 2013) . Among mapped reads pooled from three samples, approximately 67.8 M reads (57.5% of total reads) were perfectly aligned to the reference genome. For mapping of a gene region, all of annotated exons on gene models of the corresponding locus were combined to define the annotated exonic regions.
There are 91% of aligned reads matched annotated gene regions, of which 70, 18, and 3%
were mapped to annotated exons, splice junctions (SJs) and introns respectively ( Figure   1C ). Aligned reads in individual samples also showed similar level of mapping frequencies compared to the pooled data, indicating the consistency of our RNA-seq experiments.
In our data, nearly 0.7 and 1.5 M reads were located in the annotated intronic regions and exon-intron junctions, respectively (Supplemental Table S1 ). Most of these reads were potentially from alternatively spliced transcripts. Reads representing each type of AS events were counted by using an analysis tool RACKJ Li et al., 2013) (http://rackj.sourceforge.net/). To eliminate the false-positive events in AS prediction, we filtered AS events with the following 3 stringent criteria. In initially detected events of the 3 samples, the gene with fewer than 5 reads mapped to exon region was first removed, the SJ aligned with ≧ 5 reads and at least two at different starting position was retained, and the event with at least 5 reads supported were then included in the final list.
AS occurs frequently in Physcomitrella and responds to heat
Although our RNA-seq analysis was designed for identification of heat-sensitive AS events in HS samples, the results relatively reflected the abundance of AS events occurring in Physcomitrella. By pooling sequence reads from all three samples, we novel SJs were obtained (Sinha et al., 2010; Zimmer et al., 2013 We also compared the mapping efficiency of BLAT with another mapping tool, TopHat (Trapnell et al., 2009 ). Default parameters were set for both programs to generate mapping files. These files were then used to compute the read counts supporting SJs and AS events by RACKJ package with identical parameters. We found BLAT actually identified more SJs and alternative donor/acceptor sites than TopHat (Supplemental Table   S2 Figure 3 ).
These data suggests that many HS-AS events affected by 1 st HS become less responsive to 2 nd HS. Physcomitrella genes responsive to 1 st HS and 2 nd HS, respectively (Supplemental Dataset S6). However, only a small subset of HS-IR, HS-AltDA and HS-ES genes overlaps with DEGs (Supplemental Figure S2) . The result suggests transcriptional activity induced by HS has no significant effect on AS.
HS-induced transcription has no significant effect on AS
AS are differentially regulated under elevated temperature
We further analyzed the patterns of HS-AS events from RNA-seq data. Table S3 ). Therefore, repressing IR for these transcripts during HS could generate more productive transcripts.
We also estimated AltDA and ES level for those events significantly affected by 1 st HS.
We computed supporting reads of each AltDA or ES event per million mapped reads of each sample (Supplemental Dataset S6). For comparison, the AltDA or ES level and RPKM of corresponding gene were normalized by mean across samples, respectively.
Results from HS-AltDA and HS-ES analysis were distinct from that of HS-IR, with the pattern of heat induction for most events ( Figure 4B and 4C). We conclude that plants may regulate AS through different mechanisms to re-organize transcriptome composition in response to temperature changes.
HS-IR occurs in gene transcripts involved in specific functions
Biological functions associated with these HS-AS events were further investigated. IR was predominant among statistically significant events ( on the transcript encoding cyclophilin 38 (PpCYP38-2), a peptidyl-prolyl cis-trans isomerase important for protein folding, was robustly induced nearly 30-fold by HS.
However, IR of the transcript encoding another peptidyl-prolyl cis-trans isomerase (PpPPIase) was rapidly repressed more than 12-fold. Such differential regulation potentially leads to the production of more functional PpPPIase and less abundant
PpCYP38-2, which may be important for HSR. By comparing data from untreated controls collected at the same time as HS samples, we also confirmed that IR level has no significant difference at the time points of 1 st HS and 2 nd HS (Supplemental Figure S3 ).
The effect of circadian rhythm in regulation of AS was not obvious for the genes we tested in our study due to the experimental design. Data from three biological replicates were also consistent with that of pooled samples (Supplemental Figure S3 ).
Although functional enrichment analysis for HS-AltDA and HS-ES events reveal no significant overrepresented functions, genes for protein folding were also found in our data, ex. those encoding peptidyl-prolyl cis-trans isomerases. Expression of some transcripts was validated by high-resolution RT-PCR (HR RT-PCR) (Supplemental Figure   S4 ) (Simpson et al., 2008) . Overall, data from HS-AltDA and HS-ES analysis indicated that selection of alternative splice sites is also affected by heat. In summary, our results strongly suggest that transcripts involved in specific functions can be differentially alternatively spliced in responding to elevated temperature.
A purine-rich, exonic-splicing element is involved in heat-sensitive IR
AS is mainly regulated by the combination of regulatory cis elements and splicing factors. In our IR data, a substantial number of events were tightly modulated by HS, which indicates that specific components may also participate in the IR regulation. We next examined whether regulatory cis elements exist in the HS-IR regions that may control local splicing activity. To generate the sample dataset for the motif search, we first extracted 200 nt of 5' and 3' flanking sequences from both donor and acceptor sites of the top 500 retained introns significantly affected by HS. For introns < 400 nt, the whole intron were included. We searched for conserved motifs from 7 to 12 mers. To further confirm the identified motifs preferentially present in HS-IR regions, a control Figure 7A ).
Although several nucleotides on this element are less conserved, the element can be defined as a purine-rich motif with a potential GAG repeat sequence. The GAG repetitive motif we identified was enriched in HS-IR regions ( Figure 7B ), which suggests that it is required for regulating pre-mRNA splicing during HS. We also examined the distribution of the GAG repetitive motif near donor and acceptor sites of retained introns. Most of the motif hits reside in exonic regions ( Figure 7C ), further supporting that this motif is an exonic splicing element that functions on the pre-mRNA for heat-mediated splicing regulation. Figure S5 ). Among the 8 HSF genes, three of them showed AS. IR can be found on the transcripts of an A-type HSF, PpHSFA1-3. IR of PpHSFA1-3 transcripts was repressed under elevated temperature (Supplemental Figure S6) , which suggests that HS potentially generate more functional PpHSFA1-3, the key regulator in HSR, for transcriptional control.
Heat-sensitive ES of the HS transcription factor is conserved in land plants
Although there is no specific function enriched in HS-ES events, we found it occurs on transcripts of another A-type HSF gene PpHSFA1-1, as well as its duplicated paralog PpHSFA1-2. After checking each annotated HSF in the moss genome, we found locus definition for both HSF genes was inconsistent with the mapping result based on our RNA-seq data. Therefore, we generated new gene models according to our mapping Although the efficiency could be low, a partial HSF protein with N-terminal truncation may be translated from a downstream start codon on isoform 3 and 4.
To validate the expression of all isoforms for PpHSFA1-1, we performed HR RT-PCR.
A primer pair was designed to amplify the region between E1 and E4. The PCR products for 4 isoforms were detected ( Figure 8B ). We quantified the peak area for each PCR product to calculate the percentage change in the 4 isoforms in C, 1 st HS and 2 nd HS samples ( Figure 8C ). Isoform 1 was significantly decreased in level under HS. Isoforms 2, 3, and 4 generated from E3 skipping, I1 splicing, or both, respectively, were overall increased in level. In summary, expression of isoform 1 at normal temperature may have specific roles in regulating HSR, such as functioning as a dominant-negative regulator to suppress PpHSFA1-1 activity. E3 skipping and I1 splicing of PpHSFA1-1 transcripts are activated under HS, which possibly leads to the production of more fully or partially functional proteins for HSR.
DISCUSSION
Plants require tightly controlled systems to regulate growth and development in responding to temperature changes. Plants cope with temperature fluctuations by reorganizing their gene expression and metabolism to prepare for the adverse condition and acquire a subsequent defense system. As different levels of gene expression are 1 7
known to be responsive to heat stress, gene regulation at the post-transcriptional level is less understood. In this study, we report for the first time that the pre-mRNA splicing rapidly responds to HS globally. RNA-seq data showed that AS events are abundant in Physcomitrella (Figure 2) . IR, AltDA and ES are commonly found on transcripts and are differentially regulated by HS. Detailed analysis showed that IR is rapidly repressed in transcripts encoding chloroplast, ribosomal proteins, and RNA splicing-related factors, but is induced for those directly involved in the protein folding and degradation ( Figure   5 ). Such change potentially leads to differential regulation of protein abundance to overcome heat stress. In the HS-IR regions, we identified a purine-rich sequence motif on exons that likely functions in heat-mediated AS regulation (Figure 7) . Furthermore, transcripts for the key regulator HSFs were also found to be alternatively spliced ( Figure   8 and Supplemental Figure S6 ). We therefore propose that the AS is rapidly and differentially regulated under elevated temperature. Specific subsets of genes including key regulators in pre-mRNA splicing and HSR, are fine-tuned to enhance cellular defense and reorganize metabolic processes.
Thermotolerance response is a cellular mechanism developed after initial sublethal temperature for organisms to cope with excessively high temperature. At the molecular level, early studies have suggested that plants acquire thermotolerance through gene activation at the transcriptional level upon rising temperature to produce small HSPs, the central players in thermotolerance response, to prevent cellular damage from the following high temperature (Vierling, 1991) . Interestingly, we found the 2 nd HS has a moderate effect on IR compared to the 1 st HS (Figure 4 ). This is an indication that AS also shows temperature tolerance after initial rising temperature. Although molecular mechanism underlying the regulation is not clear, we propose that splicing activity is modulated during 2 nd HS by unknown factors differentially regulated after 1 st HS. Such regulation may cause the decrease of enhancer activity or increase of repressor activity for AS during 2 nd HS to eventually allow the splicing regulation of specific gene transcripts becoming less active. Temperature tolerance at the pre-mRNA splicing step could serve as another mechanism for plants to adapt temperature fluctuations. , 1995; Yeakley et al., 1996) . A recent study has also shown purine-rich GAAG repeats in the intronic region function as the binding site for SCL33 protein in Arabidopsis (Thomas et al., 2012 (Manley and Tacke, 1996; Graveley, 2000; Reddy et al., 2012) ]. Identification of the trans factors as well as the activity of the purine-rich motif for heat-induced splicing regulation will be needed to support these hypotheses.
Another question is whether AS possesses transcript specificity. One possibility is the co-transcriptional control mediated by chromatin modification. Accumulating data suggest that AS regulation could be from the co-transcriptional splicing mediated by epigenetic control (Schwartz and Ast, 2010; Luco et al., 2011) . Histone modification can affect AS by influencing the recruitment of splicing regulators to chromatin (Luco et al., 2010; Moehle et al., 2012; Pradeepa et al., 2012) . Several reports have suggested that gene expression is controlled under high temperature through regulation at the chromatin level [ (Kumar and Wigge, 2010; Strenkert et al., 2011) , also reviewed by (Sawarkar and Paro, 2013) ]. It is possible that HS-induced factors not only play a role in transcriptional regulation, but also help to determine transcript specificity in AS regulation through epigenetic control under elevated temperature.
ES has been found in the Arabidopsis HSFA2 gene (Sugio et al., 2009) . HSFA2 is known to be the dominant, HS-inducible activator for HSP transcription, especially sHSPs, in the thermotolerance response [ (Nishizawa et al., 2006; Schramm et al., 2006; Charng et al., 2007) , also reviewed by (von Koskull-Doring et al., 2007) ]. A recent report further suggested that truncated isoforms of Arabidopsis HSFA2 caused by AS retain the ability to bind HSEs (Liu et al., 2013) . Surprisingly, the ES pattern of Physcomitrella HSFA1-1 is similar to Arabidopsis HSFA2. Skipping of a mini-exon in the intron of the DBD domain-encoding region leads to the production of functional HSFs (Sugio et al., 2009 Indeed, we observed the occurrence of AS in the moss is also comparable with that of higher plants. Although we do not know whether the transcript specificity of heat-sensitive AS is also conserved, results from ES of HSF transcripts in Physcomitrella and Arabidopsis support that this mechanism is retained during the evolution of flowering plants. Our finding also suggests that AS was diversified already during land colonization of aquatic photosynthetic organisms.
In this study, we did not try to assemble transcripts for scoring AS events due to several reasons. First, regulation for an AS event occurring on multiple transcripts of the same gene should be similar. Therefore, scoring the AS event to detect heat-sensitive pattern is enough for us to investigate the potential mechanism of splicing regulation.
Second, genome mapping from short sequencing reads still has limitations. For example, calculation of isoform concentration based on short-read mapping remains a computational challenge. Even if computation can provide predicted numbers according to ratio of reads supporting different AS events, transcripts with the combination of multiple AS events complicate the process. This situation can eventually be solved by generating a large dataset of long sequencing reads with enough transcriptome coverage.
In summary, we provide data to suggest that plants rapidly respond to elevated temperature at the mRNA splicing step to fine-tune the abundance of alternatively spliced transcripts. Our analysis reveals that alternative splicing can be differentially regulated in response to heat stress. These findings will be valuable in addressing the biological 1 functions of AS especially for the stress response. Our study also gives rise to interesting questions such as how temperature signaling regulates splicing activity and how the splicing machinery distinguishes transcript species. Further investigation of these questions may contribute to the urgent issues of global warming, energy and food production.
MATERIALS AND METHODS
Plant materials and growth conditions
Protonemata of P. patens subsp. patens were grown on solid Knop's medium or solid ).
Heat treatment and chlorophyll a fluorescence measurement
Physcomitrella protonema were germinated from spores and then transferred to a Petri dish (100 × 20 mm) with solid BCDAT medium for 1 day under the growth conditions described above. Heat treatment was done as described previously (Charng et al., 2006; Shi and Theg, 2010) . In brief, the experiment was begun at a fixed time of a day. Plates containing 2-week-old protonemal tissues were sealed with plastic electric tape and submerged in a water bath at the indicated temperature and durations (38℃, 1 hr) inside a normal temperature-controlled chamber (25℃). During recovery time between 2 heat treatments, the plates were kept at the normal growth condition. Total RNA was isolated from protonema tissues by use of the Plant Total RNA Miniprep Purification Kit (GeneMark, Taiwan) and quantified with the Nanodrop system (Thermo Fisher Scientific, USA). DNase digestion was performed during total RNA isolation to remove genomic DNA. We prepared two batches of independently HS-treated samples. Equal amounts of total RNA from 5 technical replicates of each sample were pooled for library preparation as described previously (Chen et al., 2012) . MID-mRNA Sequencing was performed on the Illumina Hiseq 2000 system at Yourgene Bioscience, Taiwan. Sequence reads from first batch of samples was obtained from single-end method in 75-, 76-and 94-nt lengths. Sequence reads from second batch of samples was obtained from paired-end method in 101-nt length. After sequence trimming and filtering, reads from both batches were pooled for each sample (C, 1 st HS or 2 nd HS) respectively and subjected to genome mapping.
Read mapping to the reference genome
Sequence reads were mapped to the P. patens genome V1.6 (http://cosmoss.org/, data can also be found in JGI, http://www.phytozome.net/physcomitrella.php) using BLAT program with default parameters (Kent, 2002; Zimmer et al., 2013) . For TopHat (http://tophat.cbcb.umd.edu/index.shtml) mapping, default settings were also used (Trapnell et al., 2009) . A 95% identity was used as the threshold of sequence alignment for all lengths of reads to ensure consistent mapping efficiency. RPKM computation was undertaken using RACKJ (http://rackj.sourceforge.net/) with a similar algorithm as described previously (Mortazavi et al., 2008) . Data were analyzed in Excel (Microsoft, Redmond, WA, USA).
Prediction of SJs and alternative splicing
With mapping results from BLAT, we used RACKJ to compute the read counts in following tables genome wide: 1) for every exon, 2) for every intron, 3) for every exon-pair mapped by splice reads, and 4) for every exon-pair plus junction shifts supported by spliced reads. AS events were then computed accordingly. The second and third tables records potential IR and ES events respectively. SJs can be obtained from the fourth table, which also records AltDA events. To remove the events potentially predicted by mapping error, we performed a filtering process for SJs with a minimum of 8-nt identical alignment blocks to the genome and supported by at least 5 reads with at least two of them starting at different positions.
With the aforementioned tables, perl scripts of RACKJ were developed for detecting
Heat-sensitive AS (IR, AltDA, and ES) events with preference for some of the samples (http://rackj.sourceforge.net/Scripts/index.html#comparison). Generally speaking, chi-square values for goodness-of-fit were computed by comparing read counts supporting an AS event (i.e., intronic read counts, exon-skipped read counts, and alternative donor/acceptor read counts) and read counts not supporting the AS event (e.g., read counts of corresponding gene exons, read counts of neighboring exons, and read counts of the same exon-pair but not of the same AltDA events). For instance, to detect preference of IR, the chi-square value for goodness-of-fit was computed using the following formula: 
PTC prediction
To detect PTC for IR transcripts, a perl script was developed to count for stop codons in the retained intron or downstream sequence when IR occurs. Detailed usage can be found in http://rackj.sourceforge.net/SpecialScripts/index.html#PTCdetection. 
Gene Ontology analysis
The Gene Ontology Browsing Utility (GOBU) with the MultiView plugin (http://gobu.openfoundry.org/) was used for functional enrichment analysis (Lin et al., 2006) . To first obtain GO annotations for all Physcomitrella transcripts, gene sequences were subjected to the Bio301 system (Chen et al., 2012) , which predicts functions by blasting against UniProt and RefSeq databases and by InterProt domain prediction to generate the reference GO annotation set. Published GO annotation for Physcomitrella genes (http://cosmoss.org/) was also included for prediction of gene function (Zimmer et al., 2013) . p-values for over-represented GO terms were computed by comparing the differentially regulated gene set to the reference GO annotation set using the 'elim' method . The elim method is a Java implementation of the TopGO 'elim' algorithm (Alexa et al., 2006) . For generating heat maps, relative IR, AltDA and ES level as well as RPKM of corresponding genes were plotted in Java Treeview software (Saldanha, 2004) .
Analysis of cis regulatory elements
Motif search involved use of the MEME suite (Bailey et al., 2009 ). We performed an extra run of MAST, a member program of MEME, with the option -hit_list for searching motif sites on promoter or AS regions. Every predicted motif site in the MAST output is associated with a p-value for similarity. To compute the preference of a given motif, under a certain MAST P-value threshold, Fisher exact test was performed with the following 4 numbers: 1) Heat-regulated AS regions hit (i.e., input sequences with at least one motif occurrence), 2) randomly selected AS regions hit, 3) Heat-regulated AS regions not hit, and 4) randomly selected AS regions not hit. In so doing, a motif that preferentially present in heat-sensitive AS regions would show a significant P-value.
Quantitative RT-PCR analysis
cDNA synthesis was performed by using 4. Table S4 . qRT-PCR reactions were performed in triplicate. PpACT2 (Pp1s198_157V6) was used as an internal control for normalization.
High-resolution RT-PCR
High-resolution RT-PCR was performed as described previously with minor modification (Simpson et al., 2008) . PCR was performed with AS-specific primers (Supplemental Table S4 ). One strand of the primer pair was labeled with the fluorescent generated. Significant AS events were considered at P <0.01.
Data access
All RNA-seq data from this study have been submitted to the National Center for combined respectively for data analysis in this study.
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